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DEVELOFMENT OF AN IMPROVED OXYGEN ELECTRODE FOR USE
IN ALKALINE H,-0, FUEL CELLS

The objective of this project is the synthesis of interstitial
compounds for increasing the efficiency of the oxygen electrode in
alkaline H9-02 fuel cells. The work is being carried out for the
National Aeronautics and Space Administration with Mr. E. M, Cohn
as technical monitor. Principal investigators are D. Bienstock,
R.C. Diehl, and C.T. Grein.
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Bureau of Mines
Pittsburgh Coal Research Center

Quarterly Report for the period ending September 30, 1966

Development of An Improved Oxygen Electrode for Use
in Alkaline Hz;gz Fuel Cells

Summary

, An apparatus was built for preparing catalysts for use as the oxygen
electrode in the alkaline Hy-0p fuel cell. It consists of four units
which can be operated independently to reduce, carbide, or nitride 50 to
100 cc batches of catalyst preparations.

Twenty-four samples have been submitted to Tyco Laboratories for
fuel-cell testing. These include epsilon, chi, and theta iron carbides,
gamma, epsilon, and zeta iron nitrides, iron carbonitrides, and iron
nitrocarbides prepared from leached Raney iron and from a reduced alkali-
promoted magnetite,

An induction furnace has been modified to accommodate preparations
of l-pound batches of Raney alloys under an inert atmosphere or under
vacuum,

—

Introduction

The objective of this project is the development of catalysts to
improve the efficiency of the oxygen electrode in alkaline Hp-02 fuel
cells.

Tyco Laboratories, Waltham, Mass., has shown that an interstitial
compound, Higg carbide (FezC), has a high activity for O reduction.
Although its activity is lower than platinum, palladium, silver, and
gold it is considerably better than iron. The partial success of this
interstitial compound has opened up a large group of potential catalysts.
It is these catalysts that this project is engaged upon preparing.

A careful and intensive literature search has been conducted on
carbides, nitrides, carbonitrides, nitrocarbides, and borides of iron,
cobalt and nickel. Basic research on carbides was done by Hggg in the
1930's (1). He used the procedure of Bahr and Jessen (2-4) and prepared
carburized products at several temperatures,




The carbides of iron, nickel and cobalt were first prepared by the
Federal Bureau of Mines in the early forties in its study of the Fischer-
Tropsch synthesis. In 1944, Hofer (5) published a report on the prepa-
ration and properties of metal carbides. TFrom 1946-63 the Bureau turned
out considerable amount of work in regard to metal carbides, nitrides,
and carbonitrides (6,7).

In 1960 Johnston, Heikes and Petrolo (8,9) of the Westinghouse
Research Laboratories in Pittsburgh used leached Raney iron, rather than
a reduced magnetite promoted with K90 preferred by the Bureau, in the
preparation of the carbide. Because of the ease in preparation and
higher purity of the carbide obtained, this technique will be examined
more closely by us.

Experimental Procedure

Apparatus

Apparatus was constructed to allow flexibility and productivity in
preparing interstitial compounds by gas-phase reactions. The equipment
is shown in figure 1. Four separate units can be operated independently
of each other. To each unit a manifold of 6 gases, Hy, Np, COp, CO,
H2+CO, and NH3, is connected. Each unit is provided with an electrically
heated reactor and gas-preheat zone. The preparation being made is held
in the horizontal Vycor tube as a fixed bed approximately 5 inches in
length and 1 inch in diameter and confined by stainless steel screens.
Three thermocouples are located axially in the front, middle, and end of
bed and are continuously recorded. One of the 3 thermocouples may act
as the sensing element for the temperature controller. The controller
is a Pyrovane unit automatically operating a high and low level of elec-
trical heating of the reactor. The preheat zone is a cylindrical form-
fitting cage of 1/4" glass beads which can be readily removed during
discharge of catalyst. The carbiding operation is a highly exothermic
reaction and if not closely controlled would result in hot spots, run-
away temperatures, and deposition of free carbon. To monitor the car-
bide reaction 2 automatic systems are employed. When carbiding with a
Ho+tCO mixture, the gas effluent is monitored by a Lira infrared absorp-
tion unit. When reaction increases to the extent that 207 of the CO is
consumed, all heats both high and low level are shut off., The heats are
returned when the CO content returns to greater than 807 of the initial
level. When carbiding with pure CO, a thermal conductivity unit is
similarly employed. Thus at the start of the carbiding operation, the
operator may set his temperature control to 350°C and the CO monitor to

[OX)



*sisA|pyp7) 2poijda|] Buiindaig 4oy y1un - | FANOIL




+ 20% of CO consumed. Although reaction may start as low as 150°C, the
bed temperature will gradually and consistently rise to 350°C, perhaps
over a period of 24 hours, 'with the degree of reaction held to a maxi-
mum of 207 CO conversion. Both the temperature and CO content of the
effluent are continuously recorded. With this type of control un-
attended overnight operations are possible. The infrared detection
system is shown in figure 2.

Preparation of catalysts

The preparation of the catalysts is discussed under the following
topics:

1. Raney iron preparations

2. Reduction of magnetite

3. Coprecipitated catalyst preparations
4. Carbide preparations

5. Nitride preparations

6. Nitrocarbide preparations

7. Carbonitride preparations

1. Raney iron preparations

Procedure

The procedure involves the leaching of aluminum in Raney iron (FeAlp)
with an excess of sodium hydroxide at a temperature not to exceed 80°C
under an argon atmosphere. The remaining fine iron is washed with boiled
distilled water ten times, pyridine five times, and then stored under
pyridine for later use. Table 1 shows the experimental conditions
employed in the earlier preparations. At present Raney iron, 150-200
mesh, in batches of 200 grams are used.

At the start of the ninth run the Raney iron was treated twice with
fresh sodium hydroxide to increase the efficiency of leaching.
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FIGURE 2. - Infrared Detection Apparatus for CO Monitoring.
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Results

X-ray analysis of the leached Raney iron showed g-Fe as the major
phase and Fe304 as the minor phase. The presence of Fe304 as a con-
taminant in the early preparations of carbide prepared from Raney iron
could now be explained. By reducing the leached Raney iron with hydrogen

at 450°C, elimination of Fe304 in later preparations of the iron carbides
was achieved,

2. Reduction of magnetite

Procedure

An alkali-promoted magnetite, whose analysis is given below, was
reduced with hydrogen at an hourly space velocity of 2,500 at 450°C for
about 40-44 hours. The degree of reduction was determined by the amount

of Hy0 collected in a series of drying tubes, as shown in table 2 and
figure 3.
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FIGURE 3. - Reduction of Alkali-Promoted Magnetite With HZ at 450° C and an
Hourly Space Velocity of 2,500.




TABLE 2.- Reduction of magnetite

Hourly
Magnetite | Recoverable H70 space Reaction

Run |charged, | H,0 for 100% collected, jReduction, | velocity, time,
no o reduction, g2 g percent hr~ hrs
1R 61.37 17.99 13.16 73.2h/ 10,000 10

15.52 86.3 2,500 23
2R 64,72 18.97 18.18 95.8 2,500 44
3R 62.45 18.31 17.34 94,7 2,500 37
4R 61.44 18.01 17.19 95.5 2,500 44
5R 65.55 19,22 18.14 94.4 2,500 40
6R 62,43 18.30 16.75 91.5 2,500 43
7R 62.74 18.39 16.87 91.7 2,500 44
10R 67.32 19.73 18.69 94,7 2,500 33

. 18y _ .

a/ (Charge of magnet1te)(0.2606)(Tg = weight of recoverable water.

b/ Low value because of failure to displace air in absorbent bottles with

hydrogen.
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Alkali-promoted magnetite

Feq0, =-===-==-=-= 93.46%
Mg0 ----===-e---- 4.61
KpO -=====--==-=- 0.57
$10y --=-=------- 0.71
Cry03 ----------- TB%*%%

Total iron = 67.40%
1007% - (Total iron + MgO + K20 + SiOp + Crp03) = Removable oxygen.

3. Coprecipitated catalyst preparations

This work was done to supplement our future alloying studies. 1In
examining the phase diagram data (10) on the Fe-Ag and Co-Ag systems
it is seen that the metals in both cases are not appreciably mutually
soluble. It was thought that it would be more practical to prepare a
mixture of oxides by coprecipitation, followed by reduction, nitriding,
and carbiding.

Iron oxide-silver oxide mixtures were prepared by treating a mixed
solution of iron and silver nitrates with NapCO3. The precipitates were
filtered, washed, and dried as shown in table 3. The mixed oxides were
reduced and nitrided. A stock of iron-silver and cobalt-silver mixtures
will be made and will be used to prepare interstitial compounds.

4. Carbide preparations

As carbiding plays a major role in this project, techniques of
carbiding iron are discussed in detail in the Appendix. Nitriding and
boriding are also covered,
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a. Procedure

A known weight of finely-divided iron under pyridine was transferred
to a Vycor tube (figure 4). The pyridine was decanted under a strong
stream of argon. The remaining pyridine was driven off under a flow of
nitrogen at 110°-120°C for a period of 4-5 hours and recovered in a
series of dry ice-trichloroethylene traps. The temperature was raised
to 180°C and the nitrogen replaced with a flow of 10H9+1CO gas at an
hourly space velocity of 3,000. The maximum temperature was set and
the bed temperature automatically and slowly raised to the desired
level (see table 4) and remained at that level for the entire reaction
time.

—= Gas outlet

il m Cylindrical plug

L .
Thermocouple No 3 Screen retainer

_Thermocouple No 2

Vycor

)

-Charge

0,9 o o

Preheat zone

Thermocouple No |

—=Gas inlet

FIGURE 4. - Vycor Reaction Vessel.
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The reaction was followed with an infrared carbon monoxide analyzer
(see fig. 2). As the reaction proceeded the rate of disappearance of
carbon monoxide could be followed on the analyzer. Upon completion of
the reaction the catalyst was quickly cooled under the carbiding gas
flow. On reaching room temperature the catalyst was transferred from
the Vycor carbiding vessel under a strong flow of carbon dioxide into
a collection flask (see figure 5). The collection flask was then
placed in a nitrogen-filled dry box. Samples were taken and examined
by x-ray diffraction and chemically analyzed. 1In using a reduced
magnetite in place of the leached Raney iron, CO was substituted for
the 10H9+1CO gas and the gas effluent was monitored by the thermal

conductivity CO analyzer.

0

Teflon stopcock

24-40 ground glass
joint Adapter
{fits snugly over

Vycor reaction
vessel)

|

Glass
stopcock

L]

250 ml flask
FIGURE 5. - Collection Flask and Adapter Element.
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Run 2C showed both ¢-FesC and Fe304, and the absence of yx-FesC and
a-Fe. This contradicts Johnston and coworkers (8) who stated that the
presence of Fe304 seems to induce formation of x-FesC in preference to
¢-FeoC. The requirement that iron catalysts contain copper (1l1) or pro-

moted by a mixture of K20 and Al)03 (12) for the formation of the hex-
agonal carbide is not necessary.

The presence of Fe304 as a minor phase contaminating carbides
produced from leached Raney iron was shown to have come from the Raney
iron. By reducing the leached Raney iron with hydrogen at 450°C the
Fe304 was eliminated. This is evident in carbide preparation 5C and
beyond. Theta iron carbide was produced by first preparing x-FeoC and
then converted to 9-Fe3C by heating at 500°C by the method of Hofer and
Cohn (13).

5. Nitride preparations

Procedure

The same unit was used for both reduction and nitriding. The re-
duced magnetite or leached Raney iron was exposed to a flow of ammonia
at the operating conditions indicated in table 5. At the end of the
ammonia treatment the catalyst was cooled quickly under the NH3 flow and
then transferred to the receiving bottle under a flow of nitrogen.

Results

In runs IN and 2N both e-Fe3N and YLFe4N were obtained; e-Fe3N was
the major phase in 1IN and Y-FesN the major phase in 2N. There was com-
plete absence of o-Fe and Fe304 in both cases. A pure y'-FeyN was pre-
pared from the reduced magnetite in run 7N and from Raney iron in 8N.

A pure ¢-Fe3N was obtained in 10N. A C-FeoN was obtained from the
magnetite but a mixture with the epsilon as a minor phase was obtained
from the Raney iron. The nitrogen content of the y was 5.04% and the

€ preparations were individually 7.94, 9.12, 9.61, and 9.75 percent.
According to Hofer (7) the nitrogen content of the y'-Fe,N ranges from
5.75-5.95%, and the e-Fe3N from 7.2-11.0%. With the coprecipitated iron-
silver mixtures the e-FesN phase was formed with no nitriding occurring
with the silver. Silver nitrides have not been reported in the litera-
ture. Silver-nitrogen compounds are generally explosive.

'—J
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b. Results

During the carbiding runs samples of the exit gas were taken and
analyzed chromatographically. At 6 hours of carbiding in run No. 3C
with 10H9+1CO gas, the exit gas composition, on a dry basis, was as
follows:

Hy -=-====memum- 89.2
R 0.2
CO -=mmmmmmcmemm 1.7
Cﬂa ------------ 6.0
CoHg ------=---- 0.8
COp -=-=-mmmem-- 1.6
C3Hg ----------- 0.5

Several reactions are occurring simultaneously:

2C0+2Fe > Fe,)C+CO7 (1)
CO+3H, > CHyHIZ0 (2)
COp+4Hy - CHy+2H20 (3)
COHIs0 > COgHi2 ¢5)
nCO+bH, > C Hy,4o+mH90 (5)
2CO > CO02+C (6)

Equation (1) is the desired reaction. The other concurrent reactions
are catalyzed by the iron and iron carbide present.

13
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6. Nitrocarbide preparations

Procedure

A known weight of iron carbide was transferred to the Vycor reactor
tube under a strong flow of CO2. After transfer, N2 was used to flush
the CO,. A flow of NH3 was then started and the temperature raised to
the desired level and maintained for the duration of the nitriding.

When the reaction was completed and on reaching room temperature the
catalyst was transferred from the Vycor nitriding vessel under a strong
flow of N» into a collection flask., The collection flask was then
placed in a nitrogen-filled dry box and samples taken for x-ray dif-
fraction and chemical analysis. Conditions for nitrocarbiding are shown
in table 6.

Results

Action of ammonia on X-FepC proceeds as follows: Nitrogen may
substitute for carbon in the carbide lattice producing a chi iron
nitrocarbide. When sufficient nitrogen to induce instability in the
chi iron carbide lattice occurs, the crystal structure will change to
the epsilon iron nitrocarbide. In run INC complete transformation of
the chi to the epsilon occurred. In run 2NC partial transformation
occurred. A similar reaction occurs on nitriding theta iron carbide.
In 3NC complete transformation to the epsilon phase resulted. This
test will be repeated under milder nitriding conditions (300°C for
7 hours) to retain the theta phase.

7. Carbonitride preparations

Procedure

A known weight of iron nitride was transferred to the Vycor reaction
tube under a strong flow of N2. To avoid stripping the nitrogen in the
nitride pure CO was substituted for the 10H2+1CO mixture. The CO, flowing
through an activated carbon trap, was passed through the nitride at an
hourly space velocity of 100. The temperature was set to the desired
level on the temperature controller and the gas effluent monitored by the
infrared or thermal conductivity unit. Upon completion of the reaction
the reactor was quickly cooled under a CO flow. When room temperature
was reached the catalyst was transferred from the Vycor carbiding vessel
to the collection flask. The collection flask was placed in the inert
box, samples were taken for x-ray and chemical analysis. Conditions for
carbonitriding are shown in table 7.

16
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Results

At temperatures of 350°C, the epsilon and gamma iron nitrides take
up carbon to form the epsilon carbonitride. Operating at temperatures
of 400° the epsilon phase would probably transform to the chi carbo-
nitride.

Work Plan

Synthesis of 50-100 gram samples of interstitial compounds (see
list below) will be made. The samples will be shipped in 15 to 25-
gram lots under an inert atmosphere in plastic vials to laboratories
designed by NASA. Along with the samples will be information on
method of preparation, chemical analysis, qualitative x-ray diffraction
analysis, and B.E.T. surface area measurements.

Interstitial compounds of interest:

1) Hexagonal-iron carbide
2) Higg-iron carbide
3) Cementite
4) Gamma-iron nitride
5) Epsilon-iron nitride
6) Zeta-iron nitride
7) Gamma-iron carbonitride; gamma-iron nitrocarbide
8) Epsilon-iron carbonitride; epsilon-iron nitrocarbide
9) Zeta-iron carbonitride; zeta-iron nitrocarbide
10) Iron boride
11) Nickel carbide
12) Nickel nitride
13) Nickel carbonitride
14) Cobalt carbide
15) Cobalt nitride
16) Cobalt carbonitride
17) Cobalt boride
18) Raney silver-iron alloys and silver-iron oxide
25Ag:75Fe; 50Ag:50Fe; 75Ag:25 Fe
19) Silver and iron carbide
20) Silver and iron nitride
21) Silver and iron carbonitride
22) Iron-nickel Raney alloys (same compositions as silver-iron alloys)
23) Iron-nickel carbide
24) Iron-nickel nitride
25) Iron-nickel boride
26) Iron-nickel carbonitride
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27) Raney iron-cobalt alloys

28) Iron-cobalt carbide

29) Iron-cobalt nitride

30) Iron-cobalt boride

31) Iron-cobalt carbonitride

32) Raney cobalt-nickel alloys

33) Cobalt-nickel carbide

34) Cobalt-nickel nitride

35) Cobalt-nickel carbonitride

36) Cobalt-nickel boride

37) Raney iron-cobalt-nickel alloys
38) Iron-cobalt-nickel carbide

39) Iron-cobalt-nickel nitride

40) Iron-cobalt-nickel carbonitride
41) Iron-cobalt-nickel boride

42) Raney iron-cobalt-silver alloys
43) Iron-cobalt-silver carbide

44) Iron-cobalt-silver nitride

45) Iron-cobalt-silver carbonitride
46) Iron-cobalt-silver boride

47) Raney cobalt-silver alloys and cobalt-silver oxide
48) Cobalt-silver carbide

49) Cobalt-silver nitride

50) Cobalt-silver carbonitride

51) Cobalt-silver boride

52) Raney nickel-silver alloys

53) Nickel-silver carbide

54) Nickel-silver nitride

55) Nickel-silver carbonitride

56) Nickel-silver boride

57) Raney iron-silver-gold alloys
58) Iron-silver-gold carbide

59) Iron-silver-gold nitride

60) Iron-silver-gold carbonitride
61) Iron-silver-gold boride

62) Raney cobalt-silver-gold alloys
63) Cobalt-silver-gold carbide

64) Cobalt-silver-gold nitride

65) Cobalt-silver-gold carbonitride
66) Cobalt-silver-gold boride

67) Raney nickel-silver-gold alloys
68) Nickel-silver-gold carbide

69) Nickel-silver-gold nitride

70) Nickel-silver-gold carbonitride
71) Nickel-silver-gold boride

=
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72)
73)
74)
75)
76)
77)
78)
79)

Raney nickel-cobalt-silver alloys
Nickel-cobalt-silver carbide
Nickel-cobalt-silver nitride
Nickel-cobalt-silver carbonitride
Raney nickel-cobalt-gold alloys
Nickel-cobalt-gold carbide
Nickel-cobalt-gold nitride
Nickel-cobalt-gold carbonitride
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APPENDIX I
At this point it would be informative to briefly discuss the five
general methods of preparing carbides of iron, nickel, and cobalt by

gas-phase reactions:

1. Carburization of reduced metal oxides with CO or CO-containing
gases.

2, Carburization of metal oxides with CO or CO-containing gases.
3. Carburization of reduced metals using hydrocarbon vapors.

4. Carburization of nitrides of metals using CO or CO-containing

gaces.
5. Carburization of leached Raney iron by CO-containing gases.

1. Carburization of reduced metal oxides with CO or CO-containing gases

This was the procedure by which the Bureau prepared most of its
carbides. The iron oxide was an alkali-promoted magnetite used in the
commercial synthesis of ammonia. The magnetite was reduced with hydrogen
at an hourly space velocity of 2,500 at 450°C (14) for a period of 40
hours in a special reaction unit. The amount of reduction was determined
by the difference in weight of the magnetite before and after reduction.

The reduced magnetite was returned to the reactor and heated to the
desired reaction temperature with a stream of N2 flowing., CO was then
passed over the catalyst at an hourly space velocity of 100. The car-
biding was continued for the desired time and the product cooled quickly
with a flow of nitrogen.

Basically the problems involve the deposition of carbon, the oxi-
dation of the product when the percentage of CO2 in the exit gas exceeds
20 percent, and the extremely long time to prepare the pure carbides.

N
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2. Carburization of metal oxides with CO or CO-containing gases

To form carbides from oxides by the reaction 2Fe304+14CO - 3FeoC+11C0,
require temperatures generally 50°-100°C higher than that required with
the reduced oxides. This method is also unsatisfactory since pure or
nearly pure carbides have yet to be prepared by this technique. The prob-
able contamination of the oxide would also be undesirable. Finally, this
method has been plagued by large amounts of deposited carbon formed during
the reaction.

3. Carburization of reduced metals using hydrocarbon vapors

Thermodynamic data show that it is possible to form any of the
carbides of iron at temperatures above 100°C using any of the paraffinic,
olefinic, or acetylenic hydrocarbons except CH, and CoHg as carburizing
gases. The reaction becomes possible at about 200°C with C2He and about
400°C with CHy.

The principle advantage of this method would be that the carbides
are formed entirely under reducing conditions, leaving little chance
for oxide formation. It has been reported by Podgurski and coworkers (12)
that formation of mixtures of X-FesC and o-Fe have been made by using
propane, butane, and pentane as carburizing gases. However, they indicate
that the carbiding was incomplete and that neither Fe2C nor Fe3C can be
produced as completely as is possible with other methods.

4, Carburization of nitrides of metals using CO or CO-containing gases

Carbon monoxide reacts with nitrides of iron in three ways: (15)
First, the carbidic carbon may replace nitrogen with carbon; the crystal
structure of the original nitride is maintained. Second, the carbidic
carbon may be added to the interstitial nitrogen in the nitride crystals
without modifying the crystal structure. Third, the substitution reaction
may proceed so far and the carbon-nitrogen ratio may become so large that
the carbonitride phase becomes unstable and a phase change reaction takes
place. It is possible then to form the carbides of iron from the nitrides
of iron. Experimentally the Bureau has found that it is very difficult to
remove all of the interstitial nitrogen.

5. Carburization of leached Raney iron by CO-containing gases

Johnston, Heikes and Petrolo (8) have prepared fine powder hexagonal
FeoC by carbiding 2-4 gram samples of leached FeAly at 240° with a stream
of CO and Hy in which the ratio CO/H2 varied from 1/3 to 6/1 for a period
of 6 hours. It was found that the CO/H2 ratio was not critical between
the limits they investigated. It appeared to the authors that the pre-
dominant effect in the stabilization of the hexagonal carbide is the
absence of Fe304.
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We have decided to use this method for several reasons. First, the
authors could prepare the €-FegC in a pure form free of X-FesC. Secondly,
the idea of using Raney alloys as the reactant is intriguing due to the
high surface area and porosity of the leached alloy. It is known that
as the surface area of the reduced iron increases the rate of carbiding
increases. The finished carbide should then have a greater surface area
since it can be prepared at lower temperatures due to the higher reactivity
of the reactant.

Nitrides of Iron

The first detailed work done on iron nitrides was by Emmett and co-
workers (16,17). They followed up Noyes and Smith's (18) theory of pre-
paring the nitrides by passing dry ammonia over metallic iron at tempera-
tures around 450°C. Emmett and cownrkers determined the equilibrium
constants for the reaction

2Fe4N + 3H2 8Fe + 2NH3

Ky (o) (e,

as well as the dissociation pressures of FeaN.

It was not until 1951 that the phase diagram for the iron-nitrogen
system was completed and published by Jack (19).

The Bureau started work on nitrides of iron at the same time as they
were working on the iron carbides. They prepared the nitrides by taking
reduced alkali-promoted magnetite and passing anhydrous ammonia over it
at temperatures ranging from 350°-450°C depending upon which nitride they
were trying to prepare (20,21). 1In addition to this approach we will
also attempt to prepare the nitrides of iron using leached Raney iron as
our reactant.
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Carbonitrides

In general carbonitrides can be prepared by two methods. The nitrides
of the metal can be treated with pure CO or CO-containing gases. The pro-
cedure is basically the same as for carbiding the pure metals (15,21). It
was found that synthesis gas treatment formed carbon-rich carbonitrides at
lower temperatures in shorter times than is possible with CO. X-ray
diffraction studies show no distinction between the nitrides and carbo-
nitrides of iron.

The carbides of the metal can be treated with ammonia to produce
carbonitrides in the same way as the nitrides of the pure metals can be
prepared.

We will attempt to prepare the carbonitrides by both methods as it

is not known whether there will be a difference in activity as the oxygen
electrode in the Hy-02 fuel cell.

Metallic Borides of Fe, Ni, Co

Metallic borides were first prepared metallurgically in the late
19th and early 20th century. For example, iron borides were first pre-
pared by Moissan (22) in 1894. Binet du Jassoneix (23) did further work
on the iron borides based on Moissan's original studies.

It was not until 1950 that other than metallurgical methods were
developed to prepare the borides of these metals. The probable delay
in development lies in the lack of great interest in boron chemistry.
For it had not been until the last two decades that major developments
and insights have been made in boron related compounds. Paul, Buisson,
and Joseph (24) prepared the borides of iron, cobalt, and nickel by the
precipitation reaction of sodium borohydride on the salts of these metals
in an aqueous solution. This work was said by the authors to be an
outgrowth of Schlesinger's studies on the chemical behavior of alkali
borohydrides on metallic salts (25). Further studies using this method
were done by Kurito, and coworkers (26) in Japan, by Schuele and
Dietsereet (27), by Rundquist (28) in Sweden, and by the Bureau of
Mines (29).
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Concerning gas-phase preparation of borides, the only statement
found in the literature was a letter written to the editor of Nature by
Buddery and Welch, published March 3, 1951, It was stated that several
borides were prepared by the passage of hydrogen and boron tribromide
vapor over the heated metals (30). Before commenting upon this preparation,
it is interesting to note that the Bureau during the period 1953-1956 had
attempted to prepare iron borides by passing various gas mixtures of He
and BoHg and by passing trimethyl boron gas over reduced iron with no
appreciable success.

Through a private communication (31) Buddery indicated that the
method he had used would be of general applicability to our own needs.
He also sent us a photocopy of a chapter in this Ph.D. Thesis which
described all the experimental work he had carried out on this subject.

Having this background behind us it is our intention to attempt Lo
prepare the needed metallic borides of Ni, Co, and Fe by the precipitation
method of Schlesinger's and also by adaptation of Buddery's work. It is
hoped that the majority of borides can be prepared by Buddery's method
using leached Raney iron, which would be more reactive for previously
mentioned reasons.

Alloys

At the outset of this project we had the intention of producing a
series of binary transition metal alloys of three compositions--75A -25B,
50A -50B, 25A - 75B, percent--which would be carbided, nitrided, carbo-
nitrided, nitrocarbided, and borided. The original literature search
was done upon this premise.

Since then we have become increasingly interested in preparing these
interstitial compounds by using leached Raney alloys. It is now our
intention to prepare first a series of ternary transition metal alloys
of the Raney type and then after leaching the aluminum to produce the
interstitial compounds by the usual methods.

We are presently engaged in a literature search on ternary Raney

alloys of transition metals. We expect our experimental work in this
area to start during the next quarter.

25



€))

(2)

3)

(4)

(5)

(6)

)

(8)

(9)

(10)

(11

(12)

a/

References™—

Hggg, G. (Powder Photographs of a New Iron Carbide.) Ztschr.
Krist., v. 89, 1934, pp. 92-94.

Bahr, H.A., and Th. Bahr. (Decomposition of Carbon Monoxide on
Nickel.) Ber. deut. chem. Gesell., v. 61B, 1928, pp. 2177-2183.

Bahr, H.A., and V. Jessen. (Dissociation of Carbon Monoxide on
Cobalt.) Ber. deut. chem. Gesell., v. 63B, 1930, pp. 2226-2237.

Bahr, H.A.,, and V. Jessen. (Fission of Carbon Monoxide on Iron
Oxide and Iron.) Ber. deut. chem. Gesell., v. 66B, 1933, pp.
1238-1247.

Hofer, L.J.E. The Preparation and Properties of Metal Carbides.
BuMines Rept. of Invest. 3770, July 1944, 39 pp.

Shultz, J.F.,L.J.E. Hofer, K.C. Stein, and R.B. Anderson. Carbides,
Nitrides, and Carbonitrides of Iron as Catalysts in the Fischer-
Tropsch Synthesis. BuMines Bull. 612, 1963, 70 pp.

Hofer, L.J.E. Nature of the Carbides of Iron. BuMines Bull. 631,
1966, 60 pp.

Johnston, W.D., R.R. Heikes, and J. Petrolo. The Preparation of
Fine Powder Hexagonal FepC and Its Coercive Force. J. Phys. Chem.,
v. 64, 1960, pp. 1720-1722,

Johnston, W.D., R.R. Heikes, and J. Petrolo. The Preparation and
Magnetic Properties of High Purity Raney Iron. J. Am. Chem. Soc.,
v. 79, 1957, pp. 5388-5391.

Hansen, Max., Constitution of Binary Alloys. McGraw-Hill Book Co.,
Inc., New York, N.Y., 1958, 2nd ed., pp. 16 and 20.

Hofer, L.J.E., E.M. Cohn, and W.C. Peebles. The Modifications of
the Carbide Fe2C; Their Properties and Identifications. J. Am.
Chem. Soc., v. 71, 1949, pp. 189-195.

Podgurski, H.H.,, J.T. Kummer, T.W. DeWitt, and P.H., Emmett. Prepa-
ration, Stability, and Adsorptive Properties of Carbides of Iron.
J. Am. Chem. Soc., v. 72, 1950, pp. 5382-5388,

a/ Titles enclosed in parentheses are translations of the original titles.

26




« (13) Hofer, L.J.E., and E.M. Cohn. Synthesis of Cementite. J. Chem.
Phys., v. 18, 1950, pp. 766-767.

(14) Anderson, R.B., J.F. Shultz, B. Seligman, W,K, Hall, and H.H.
Storch. Studies of the Fischer-Tropsch Synthesis, VII. Nitrides
of Iron as Catalysts. J. Am. Chem. Soc., v. 72, 1950, pp. 3502-3508.

(15) Hall, W,K., W.E, Dieter, L.J.E. Hofer, and R.B, Anderson. Prepa-
ration and Reactions of Carbonitrides on Iron. J. Am. Chem. Soc.,
v. 75, 1953, pp. 1442-1447.

(16) Emmett, P.H., S.B. Hendricks, and S. Brunauer. Dissociation
Pressure of Fey,N. J. Am. Chem. Soc., v. 52, 1930, pp. 1456-1464,

(17) Brunauer, S., M.E, Jefferson, P.H. Fmmett, and S.B. Hendricks.
Equilibria in the Iron-Nitrogen System. J. Am. Chem. Soc., v. 53,
1931, pp. 1778-1786.

(18) Noyes, A.A., and L.B. Smith. Dissociation Pressures of Iron
Nitrides. J. Am. Chem. Soc., v. 43, 1921, pp. 475-481,

(19) Jack, K.H., Iron-Nitrogen System: The Preparation and Crystal
Structure of Nitrogen-Austenite (Y) and Nitrogen Martensite
(@'). Proc. Royal Soc., v. A208, 1951, pp. 200-215.

(20) Hofer, L.J.E. Crystalline Phases and Their Relation to Fischer-
Tropsch Catalysts. Ch. 4 in Catalysis, ed. by P.H. Emmett,
Reinhold Publishing Corp., 1956, pp. 373-442,

(21) Shultz, J.F., M. Abelson, L. Shaw, and R.B. Anderson. Fischer-
Tropsch Synthesis. Nitrides and Carbonitrides of Iron as
Catalysts. Ind. Eng., Chem., v. 49, 1957, pp. 2055-2060.

(22) Moissan, H. (Activity of Nickel Borides.) Compt. rend. 1895,
p. 173.

(23) Jassoneix, Binnet du. (The Preparation and Properties of the
Borides of Iron.) Compt. rend., v. 145, 1907, pp. 121-123.

(24) Paul, R., P. Buissan, and N. Joseph. Catalytic Activity of Nickel
Borides. Ind. Eng. Chem., v. 44, 1952, pp. 1005-1010.

(25) Schlesinger, H.I., and H.C. Brown. Sodium Borohydride, Its

Hydrolysis and Use as a Reducing Agent and in the Generation
‘ of Hydrogen. J. Am. Chem. Soc., v. 75, 1953, pp. 215-219.

27




(26) Rurito, H., and Y. Tsutsumi. Hydrogenation of CO in the Presence
of Borides of Nickel, Cobalt, and Iron. Nippon Kagasaki Zasshi,
v. 82, 1961, pp. 1461-1463,

(27) Schuele, W.J., and V.D, Dietsereet. Preparation of Fine Particle
Metal Borides and Their Properties. Presented at 3rd Delaware
Valley Region Meeting, American Chemical Society, Feb. 26, 1960.

(28) Rundquist, S. Crystal Structure of Ni3B and Co3B. Acta Chem.
Scand., v. 12, 1958, pp. 658-662,

(29) Hofer, L.J.E., J.F. Shultz, R.D. Panson, and R.B., Anderson. The
Nature of the Nickel Boride Formed by the Action of Sodium Boro-
hydride on Nickel Salts. ZInorganic Chem., v. 3, 1964, pp. 1783-
1785.

(30) Buddery, J.H., and A.J.E. Welch. Borides and Silicides of the
Platinum Metals. Nature, v. 167, 1951, p. 362,

(31) Private communication from J.H. Buddery to R.C. Diehl, June 22,
1966,

28

INT.~BU.OF MINES,PGH.,PA, 10437




